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Background: There has been concern over the effect of vigorous bubbling on the 
delivery pressure during the operation of the bubble nasal continuous positive airway 
pressure (CPAP) system. We investigated the relationship between intra-tubing pres-
sure changes and flow rates in a closed bubble CPAP system in vitro.
Methods: Using an experimental (in vitro) model, the distal connecting tube of the 
CPAP system was immersed under the water seal to a depth of 5 cm. Sixteen different 
flow rates, ranging from 2 L/min to 20 L/min, were tested. The procedure was 
repeated 10 times at each flow rate, and the intra-tubing pressure was recorded.
Results: The intra-tubing pressure within the model increased as the air flow rates were 
adjusted from 2 L/min to 20 L/min. The relationship was represented by the following 
equation, pressure (cmH2O) = 5.37 + 0.15 × flow rate (L/min) (R2 = 0.826, p < 0.001).
Conclusion: These results demonstrated that the intra-tubing pressure in a bubble 
CPAP system was highly correlated with flow rate in vitro.
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1.  Introduction
Continuous positive airway pressure (CPAP) was 
first used as a method of supporting the breathing 
of preterm infants with respiratory distress syn-
drome in 1971.1 Wung et al2 and Kattwinkel et al3 
introduced nasal CPAP in 1973 and 1975 respec-
tively, which has now become the most commonly 
used method for a range of neonatal respiratory 
conditions. The beneficial effects of nasal CPAP in-
clude maintenance of lung volume,4−7 lowering of 
upper airway resistance,8,9 reduction of obstructive 
apnea,10 and improved oxygenation.11
Ventilators and underwater bubble are com-
monly used forms of nasal CPAP delivery in infants. 
In the ventilator-generated CPAP device, pressure 
is kept close to the desired level by automatic ad-
justments at the expiratory limb orifice. The bubble 
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CPAP system is popular because of its relative sim-
plicity, low-cost, and a reported association with 
a low incidence of chronic lung disease in a multi-
center study.12 High-frequency oscillatory content of 
the bubbling has been reported by some authors,13,14 
but this was not proven to improve gas exchange in 
the study by Morley et al.15
Clinically, the delivered intra-prong pressure in 
bubble CPAP is often assumed to be accurately 
represented by the submersion depth of the expir-
atory tubing. However, the characteristic bubbles are 
dependent on flow rate, which may affect the mean 
delivered pressure in bubble CPAP. Information on the 
effect of flow rate on bubble CPAP is limited. Kahn 
et al16 reported that bubble nasal CPAP in a lung model 
was flow dependent. They also demonstrated that the 
prong pressure during bubble nasal CPAP in prema-
ture infants was highly variable, and depended on 
the interaction of submersion depth and flow ampli-
tudes.17 In this study, we investigated the relationship 
between intra-tubing pressure changes and differ-
ent flow rates in a closed bubble CPAP system in vitro.
2.  Methods
2.1.  Equipment and experimental procedure
A schematic of the experimental system is shown in 
Figure 1. In this system, a glass bottle (diameter, 
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Figure 1 Bubble continuous positive airway pressure system (experimental model). LPM = liter per minute.
8 cm) was filled with sterile water to a depth of 10 cm, 
and the distal connecting tube (length, 180 cm; in-
ternal diameter, 1 cm) was immersed under the 
water seal to a depth of 5 cm. A flowmeter was used 
on the infant ventilator (IV-100B; Sechrist, Anaheim, 
CA, USA). Sixteen different flow rates were tested, 
ranging from 2 L/min to 20 L/min. The intra-tubing 
pressure was detected using a handheld respiratory 
monitor (VENT; Novametrix, Wallingford, CT, USA). 
The pressure was measured and recorded from the 
digital pressure curve on the screen (Figure 2). Data 
were collected for 1 minute at each flow rate. The 
average pressure was obtained from five values 
measured at 5-cm intervals on a pressure curve 
photograph (magnified to 25 cm in length). The 
procedure was repeated 10 times at each flow rate 
setting, and the pressure was measured.
2.2.  Statistical analysis
Data were presented as mean ± SD, range, and 95% 
confidence interval. Analysis of variance was used 
to assess the effects of different flow rates on pres-
sure. Duncan’s test was used to evaluate the differ-
ent pressure subsets. Linear regression was used to 
investigate the relationship between pressure and 
flow rate. A p value of < 0.05 was considered signifi-
cant. Analyses were performed using the SPSS sta-
tistical package (Version 12.0; SPSS Inc., Chicago, 
IL, USA).
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3.  Results
Table 1 shows the intra-tubing pressure values 
(mean, SD, confidence interval of mean, minimum, 
maximum) at different flow rates. The intra-tubing 
pressure changed and eventually increased as the 
flow rate was increased from 2 L/min to 20 L/min.
Table 2 shows the analysis of variance results 
for pressure changes at different flow rates. The 
intra-tubing pressure was significantly different at 
different flow rates (p < 0.001).
A B
Figure 2 Digital pictures of intra-tubing pressure curve on the VENT screen at flow rates of (A) 2 L/min and (B) 20 L/min.
Table 1  Intra-tubing pressure values at different flow rates
Flow rate
 
Mean pressure
 
SD
 95% Confidence  
Minimum
 
Maximum
(L/min)
 
(cmH2O)
  interval of mean  
pressure
 
pressure
   Lower limit Upper limit
 2 6.19 0.20 6.04 6.33 5.93 6.51
 3 6.18 0.26 6.00 6.37 5.87 6.54
 4 6.04 0.34 5.79 6.28 5.49 6.53
 5 6.15 0.35 5.89 6.40 5.51 6.51
 6 6.13 0.34 5.89 6.38 5.60 6.56
 7 6.27 0.26 6.08 6.46 5.93 6.60
 8 6.34 0.30 6.13 6.55 5.85 6.97
 9 6.59 0.31 6.37 6.81 6.02 7.07
10 6.59 0.20 6.45 6.73 6.11 6.81
11 6.69 0.32 6.46 6.92 6.28 7.23
12 6.82 0.41 6.53 7.12 6.16 7.42
16 7.80 0.54 7.41 8.19 6.84 8.59
17 7.95 0.38 7.68 8.21 7.41 8.71
18 8.20 0.23 8.03 8.36 7.78 8.49
19 8.37 0.33 8.13 8.60 7.95 8.96
20 8.80 0.22 8.64 8.96 8.47 9.09
Table 3 shows the results of Duncan’s multiple 
comparison analysis of different intra-tubing pres-
sure subsets. There were no significant changes in 
intra-tubing pressure within the same subset. The 
pressure in different subsets increased signifi-
cantly as the flow rate increased.
Linear regression showed a positive correlation 
between intra-tubing pressure and flow rate in the 
experimental model (Figure 3). Their relationship 
was represented by the following equation:
pressure (cmH2O) =  5.37 + 0.15 × flow rate (L/min)
(R2 = 0.826, p < 0.001)
4. Discussion
The results of this study demonstrated that intra-
tubing pressure generated by the bubble CPAP system 
was significantly correlated with flow rate in vitro. 
The bubble nasal CPAP system is widely used in in-
fants with respiratory distress, in an attempt to re-
duce the complications of intubation and mechanical 
Table 2  Analysis of variance of pressure changes at 
different flow rates
 Sum of 
df
 Mean sum 
F
 
p
 squares  of squares
Between 131.77  15 8.79 83.77 < 0.001
Within  15.10 144 0.11  
Total 146.87 159   
df = degrees of freedom.
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Table 3  Duncan’s multiple comparison analysis of different pressure subsets
Flow rate (L/min)
 Intra-tubing pressure (cmH2O) subset under α = 0.05
 1 2 3 4 5 6 7
 4 6.04
 6 6.13
 5 6.15
 3 6.18
 2 6.19
 7 6.27
 8 6.34 6.34
 9  6.59 6.59
10  6.59 6.59
11   6.69
12   6.82
16    7.80
17    7.95 7.95
18     8.20 8.20
19      8.36
20       8.80
p 0.069 0.103 0.144 0.313 0.083 0.247 1.000
Figure 3 Pressure-flow relation curve.
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ventilation.18,19 Although bubble nasal CPAP has ac-
hieved recognition, studies regarding its performance 
are limited; of those, two used lung models,14,16 
three studied intubated subjects,13,20,21 and one 
studied preterm infants with nasal prongs.17 The 
results of the current study were compatible with 
those of Kahn et al.16
Bubble nasal CPAP is characterized by noisy var-
iations in intra-prong pressures. The role of the os-
cillatory effect during bubble nasal CPAP remains 
controversial. Lee et al13 suggested that oscillations 
might improve gas exchange to the lungs, similar to 
that observed with high-frequency oscillatory venti-
lation. Pillow and Travadi14 found that increasing 
bias flow and decreasing compliance in a lung model 
increased the mean, magnitude, and frequency of 
pressure oscillations at the airway opening. Morley 
et al,15 however, suggested that pressure oscillations 
during bubble nasal CPAP did not improve gas ex-
change. Kahn et al16 speculated that these oscilla-
tions may be completely absent at the level of the 
distal airway when air leaks are present at the 
nares. Although the oscillatory effect was not stud-
ied in the current series, it remains an important 
issue when comparing bubble nasal CPAP with other 
forms of nasal CPAP. Future studies evaluating the 
effectiveness of bubble nasal CPAP system should in-
clude control of the intra-prong pressures and 
standardize leaks to avoid potential bias.
Consistent bubbling is important to recruit alve-
oli, maintain functional residual capacity, and re-
duce airway resistance and work of breathing, 
especially in the early acute phase of respiratory 
distress.22−24 Kahn et al17 reported that bubble nasal 
CPAP delivery did not have built-in mechanisms to 
stabilize intra-prong pressures at varying flow rates. 
They suggested that bubble nasal CPAP users should 
carefully adjust the underwater tube immersion 
depth and flow rate combination, and then confirm 
the delivered pressure by direct intra-prong pres-
sure measurements. A lack of bubbling during bubble 
nasal CPAP delivery often causes the user to increase 
flow to maintain bubbling. If the leakage is reduced 
because of changes in head position or mouth clo-
sure, the airway pressure will increase. The presence 
of persistent bubbling could lead the user to ignore 
the risk of increased pressure, and fail to readjust 
the flow. As in the experimental model in this study, 
bubble nasal CPAP in the near absence of leaks will 
be highly flow-dependent and exhibit greater over-
shoot. These factors contribute to the unpredictable 
nature of bubble nasal CPAP delivery.
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The present study demonstrated several limita-
tions. The effects of different sizes of bottles and 
tubes were not evaluated. Potential leakage of the 
in vitro model and the manual pressure measurement 
might have resulted in bias in analyzing the rela-
tionship between pressure and flow rate. The cor-
relation between pressure and flow rate identified 
in this study may not be widely applicable because 
of the different device components of bubble nasal 
CPAP. Our preliminary data reflect controlled in 
vitro conditions, which may not be correlated with 
in vivo conditions; nasal CPAP delivery in infants is 
complex and may be substantially influenced by 
other factors such as leak effects, and the me-
chanical properties of the underlying lung and 
chest wall. Further studies are needed to elucidate 
the mechanisms of bubble nasal CPAP in infants.
In conclusion, our data demonstrated that the 
intra-tubing bubble CPAP pressure was highly cor-
related with flow rate in vitro.
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